Identifying genetic variation that increases crop yields is a primary objective in plant breeding.
Introduction
In major oil-producing crops, such as Brassica napus (oilseed rape), the composition of seed storage lipids has been optimised for different end uses, from human nutrition to industrial applications, by identifying allelic variation in biosynthetic enzymes and pathways 1 . For example, elite oilseed rape varieties now have greatly enhanced nutritional value, with high linoleic acid, reduced erucic acid and optimal linoleic to linolenic acid ratios. However, increasing overall production of storage lipids to meet projected future demands for both food and industrial uses remains a key objective for achieving food security and sustainable industrial production.
An interacting network of transcription factors establishes and maintains embryo development
and promotes the accumulation of seed storage lipid and protein 2, 3 . Loss-of-function mutations in four conserved regulatory genes lead to curtailed seed maturation, loss of dormancy, and ectopic vegetative development. FUSCA3 (FUS3), ABSCISIC ACID INSENSITIVE 3 (ABI3) and 4 LAFL protein levels has an important role in seed maturation and the transition to dormancy.
The SNF kinase AKIN10 phosphorylates and stabilises FUS3 11, 12 and WRI1 13 , a transcription factor regulated by LEC2 that promotes expression of glycolytic and lipid biosynthesis genes.
Improved understanding of the control of these important seed maturation master regulators will be important for optimising seed yields.
An important strategy in crop improvement aims to identify new sources of genetic variation from diverse germplasm resources for increasing crop productivity 14 . Genome-Wide Association Studies (GWAS) are increasingly used for identifying variation associated with traits in crops and their wild relatives. For example, associations between sequence variation, gene expression levels and oil composition have been used to identify genetic variation in known genes conferring oil quality traits in oilseed rape 15, 16 . GWAS also has potential for the discovery of gene functions, and, when utilized fully, can lead to a deeper understanding of mechanisms underlying complex traits such as crop yield. Here we use Associative Transcriptomics in Brassica napus to identify genetic variation in the promoter region of BnaUPL3.C03, encoding an ortholog of the HECT E3 ubiquitin ligase UPL3 17, 18 
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A panel of 94 B. napus oilseed rape accessions with high genetic diversity (Supplementary Table 1 ), for which leaf transcriptome data from each accession was mapped to a sequenced reference genome 15 , was screened for yield-related phenotypic variation. High levels of trait variation were observed. Trait associations with both sequence variation, in the form of hemi- expression in the set of six lines with high-or low-SWPP showed no significant differences in expression levels and variation in SWPP (Supplementary Figure 3) . This is consistent with the absence of an association between transcript levels at the BnaUPL3.A08 locus and SWPP determined by Associative Transcriptomics analyses (Supplementary Figure 1) .
A subset of 10 GWAS accessions (Supplementary Table 2 Figure 4) , suggesting differential UPL3 expression influences trichome morphogenesis in oilseed rape. Although AtUPL3 appears to have a conserved role in trichome morphogenesis, there is no evidence that AtUPL3 has a role in seed development.
In Arabidopsis, UPL3 transcript levels increased steadily during seed development, with highest expression levels observed during the seed maturation phase (Figure 2a ), suggesting a potential role for UPL3 in seed maturation. BnaUPL3.C03 is differentially expressed in seedlings of B. napus accessions displaying high variation in SWPP (Figure 1f ), therefore variation of BnaUPL3.C03 expression was measured using q-RT-PCR in developing pods at 45 Days Post Anthesis (DPA) in six accessions with low-and high-SWPP. Figure 2b confirms that variation in
BnaUPL3.C03 expression in pods was tightly correlated with that in leaves measured using RNAseq.
Arabidopsis and B. rapa mutants lacking UPL3 function exhibit increased seed size
The potential role of AtUPL3 in regulating seed development was assessed in an Arabidopsis T-DNA insertion line (Salk_015534) with complete loss of AtUPL3 expression (data not shown). . Supplementary Figure 5 shows that a line homozygous for the UPL3 mutation had larger seeds compared to a line that segregated the UPL3 mutation. These results established a potential role for UPL3 in regulating seed size in Arabidopsis and Brassica.
UPL3 indirectly influences seed mucilage biosynthesis via GL2
Arabidopsis upl3 mutant seeds exhibited altered mucilage extrusion upon imbibition (Figure 2e ).
UPL3-mediates the proteasomal degradation of the bHLH transcription factors GL3 and EGL3
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These proteins function as part of a complex to regulate the expression of GLABROUS 2 (GL2), encoding a homeodomain transcription factor that activates expression of MUCILAGE-MODIFIED 4 (MUM4), encoding a mucilage biosynthetic enzyme 21 . This EGL3/GL3 complex activates GL2 expression in leaves, but represses GL2 expression in seeds, depending on the type of MYB transcription factor in the complex 22 . The single repeat MYB GmMYB73, a possible homolog of Arabidopsis TRY and CPC, repressed GL2 expression in seeds and 8 interacted with EGL3 and GL3
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. Thus, reduced UPL3-mediated destabilization of EGL3 and GL3 in the upl3 mutant may elevate GL3 and EGL3 levels, leading to increased repression of GL2 expression. A significant reduction in the expression of both GL2 (Figure 2f ) and MUM4
( Figure 2g ) was observed at 5DPA in developing seeds of the upl3 mutant, and may explain the altered mucilage extrusion observed in the Arabidopsis upl3 mutant siliques.
GL2 also negatively regulates seed lipid content by suppression of PHOSPHOLIPASE D ALPHA 1 (PLDα1) gene expression 23 . However, no significant difference in the expression of PLDɑ1 was observed in WT and upl3 mutant seeds (data not shown). Therefore, UPL3 may target other proteins for degradation during seed maturation that influence seed size and storage reserve accumulation.
upl3 mutants have increased expression of seed maturation genes
Several genes influence both seed lipid content and seed size in Arabidopsis, including APETALA 2 (AP2) 24 , LEC1 and LEC2
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. The expression of these genes was assessed during the development of upl3 and WT seeds using q-RT-PCR. No differences in the expression of AP2 (Figure 3a) or LEC2 ( Figure 3b ) were seen between upl3 and WT seeds. However, significant increases in LEC1 expression were observed in upl3 mutant seeds at 10 DPA compared to WT (Figure 3c ). Transcription of LEC1 is positively regulated by LEC2 26, 27 . Given the observed increase in LEC1, but not LEC2, expression, it is possible that altered UPL3 expression may affect LEC2 protein levels, thus altering LEC1 expression in upl3 mutant seeds.
This was tested by measuring expression of WRINKLED 1 (WRI1) and MYB118, which are also regulated by LEC2 28, 29 . Increased expression of both genes was observed in upl3 mutant siliques relative to WT from 10 Days Post Anthesis (DPA) (Figures 3d and 3e ), supporting the hypothesis that UPL3 may influence LEC2 protein levels and expression of target genes.
UPL3 reduces LEC2-mediated transcription of seed maturation genes
LEC1 and LEC2 bind to the promoters and activate the expression of seed maturation genes, such as OLEOSIN 1 (OLE1), a gene required for seed lipid accumulation 26, 27 . 
UPL3 mediates the proteasomal degradation of LEC2
HECT E3 ligases such as UPL3 mediate the proteasomal degradation of substrate proteins by ubiquitylation 30 . To establish if UPL3 mediates the proteasomal degradation of LEC2, the stability of bacterially-expressed and purified LEC2-HIS was assessed in crude protein extracts of 10 DPA siliques of WT and upl3 mutant Arabidopsis. Figure 4a shows that LEC2-HIS was unstable in WT silique protein extracts, and this instability was reduced by the proteasomal inhibitor MG132. In contrast, LEC2-HIS levels were more stable in protein extracts from upl3 mutant siliques, and MG132 further reduced this instability. To support these observations of LEC2-HIS stability, LEC2 protein levels in Arabidopsis upl3 mutant plants, in WT plants, and in transgenic plants expressing 35S::UPL3-HA were assessed using LEC2-specific antibodies.
Increased endogenous LEC2 protein levels were observed in mutant upl3 siliques compared to WT plants (Figure 4b ). Consistent with these observations, reduced LEC2 levels were seen in siliques of 35S::3HA-UPL3 transgenic lines compared to WT siliques ( Figure 4c ). This indicated that AtUPL3 influences LEC2 protein levels in vivo, and that LEC2-HIS has reduced proteolytic instability in the absence of AtUPL3.
UPL3 physically interacts with LEC2 and promotes its ubiquitylation
Ubiquitylation by HECT E3 ligases involves the direct interaction of the E3 ligase with substrate proteins 31 . A transient expression system was used to co-express 35S::LEC2-GFP and 
Variation in the promoter of BnaUPL3.C03 is sufficient for differential expression and influences variation in yield traits
We observed major differences in BnaUPL3.C03 expression between GWAS accessions displaying variation in seed yield ( Figure 2b and Supplementary Table 2 ). Alignment of Table 2 and Figure 2b ). Western blots of protein extracted from 45 DPA seeds of these accessions were probed with anti-LEC2
antibodies to assess variation in LEC2 protein levels. Figure 6d shows that LEC2 protein levels were higher in all three B. napus accessions with reduced BnaUPL3.C03 expression, compared to accessions with higher BnaUPL3.C03 expression, in which no LEC2 was detected in developing seeds using this method. These observations show that the mechanism of UPL3- 
Reduced BnUPL3.C03 expression has not yet been exploited in current breeding material
To assess if variation in BnaUPL3.C03 expression levels has been selected for in the breeding of current elite oilseed rape varieties, expression was measured across a panel of seven current elite B. napus lines. Expression levels were compared to those measured in GWAS accessions exhibiting high differential expression of BnaUPL3.C03 and high variation in yield traits ( Figure   7 ). There was substantial variation in BnaUPL3.C03 expression in the elite lines, with relatively high levels of expression in several lines. Therefore, there is significant potential for further yield increases in elite oilseed rape germplasm through reduction of BnaUPL3.C03 expression.
Discussion
Using Associative Transcriptomics 15 . Similarly, QTL analyses identified promoter variation in the rice GW7 gene that, combined with variation that reduced expression of an SPL16 transcriptional repressor of GW7, led to 10% increases in grain yield and improved quality 33 . A deletion in the promoter region of GW5 in Nipponbare rice lines reduced expression and increased grain width 34 , and similarly, promoter deletions in GSE5 accounted for wide grains in indica rice varieties 35 . More generally, genetic variation in chromatin accessibility (a mark of promoter activity) explained about 40% of heritable variation in many quantitative traits in maize 36 . These reports, and the study described here, reveal the exceptional promise of accessing variation in promoter sequences and altered transcriptional activity for identifying new regulatory mechanisms and for the quantitative manipulation of complex traits such as yield in crop plants.
UPL3 was first identified in Arabidopsis as a loss-of-function mutation in a HECT E3 ligase gene causing increased leaf hair branching 17, 18 . UPL3 expression increased during seed maturation in At earlier stages of seed development, the seed coat in Arabidopsis upl3 mutants has altered mucilage and reduced expression of GL2 (Figure 2f ), a transcription factor controlling epidermal cell differentiation 37 . GL2 promotes expression of the rhamnose biosynthesis gene MUM4 that is required for seed mucilage production 21, 37 , and expression of MUM4 is also reduced during testa development in upl3 (Figure 2g ). This observation revealed a unifying role of UPL3 in regulating both testa and embryo maturation by modulating levels of transcription factors during different stages of seed development. These transcription factors, GL3 and EGL3
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, and LEC2
(this study) in turn modulate expression of other transcription factors and biosynthetic genes involved in testa and embryo development.
Altered expression of LAFL genes has profound developmental consequences such as ectopic embryogenesis 5, 38 , but induced expression of LEC2 in vegetative tissues does increase lipid accumulation 25, 39 . These studies show that the activities of LEC2 expression in storage processes and embryo development are difficult to separate, probably due to the timings of expression, interdependence and partial redundancy of LAFL gene function. By identifying a mechanism controlling LEC2 protein levels during seed maturation, we have shown that it is possible to elevate lipid levels during normal embryo development (Figures 2d) . Mis-expression of WRI1 permits normal seed development while increasing lipid content 40, 41 by extending seed maturation, consistent with our observations of elevated WRI1 expression in upl3 (Figure 3e ).
Intensive breeding is optimizing oilseed lipid composition for different end-uses, but comparatively slow progress is being made in increasing yields of oilseed crops such as oilseed rape, with current rates of yield increase predicted to be insufficient to meet future needs 42 .
Variation in the promoter of BnaUPL3.C03 that reduces expression and increases seed lipid content has not yet been exploited in oilseed rape breeding (Figure 7) , demonstrating how lipid content and seed yields could be increased without influencing composition. The presence of a functional LEC2 ortholog in soybean 43 , and the expression of LEC2 and other B3-domain transcription factor homologs during seed lipid synthesis in sunflower 44 and oil palm 45 reveals the potential of UPL3-mediated regulation of LEC2 to increase seed lipid levels and overall yields in other major oilseed crops.
Methods

Plant material and growth conditions
Phenotype data was collected from 94 accessions representing winter, spring and Chinese oilseed rape from the OREGIN Brassica napus fixed foundation diversity set Table 2 . Genotyping used TAKARA EX taq (Takara Bio, USA).
To identify loss-of-function mutations in UPL3 in Brassicas, the TILLING population 20 of B. rapa 
Population structure analysis
Associative Transcriptomics analysis was carried out as described 15 . The population structure Q matrix was re-calculated using unlinked markers across the set of 94 lines. One SNP per 500 kb interval along pseudomolecules, excluding regions less than 1000 kb from centromeres 47 , were selected for Bayesian population structure analysis via STRUCTURE 2.3.3 48 . This analysis incorporated a minor allele frequency of 5%. The optimum number of K populations was selected as described 15 .
SNP analysis
SNP data, STRUCTURE Q matrix and phenotypes of the 94 accessions were combined using TASSEL (V4.0). Following the removal of minor alleles (frequency <0.05) ~144,000 SNPs were used to calculate a kinship (K) matrix to estimate the pairwise relatedness between individuals.
Data sets were analysed using both Generalised and Mixed Linear Models (GLM and MLM).
Goodness of fit of the model was determined by a QQ plot of the observed versus the expected -log10P values.
-log10P values were plotted in chromosome order and visualized using R programming scripts ( http://www.R-project.org/.)
GEM analysis
Relationships between GEM sequence read depth (RPKM) and trait data variation were analysed by Linear regression analysis using R. -log10P values were plotted in pseudomolecule order and visualized using R scripts.
DNA constructs
The p35S::3HA-AtUPL3 transgenic line was generated by cloning AtUPL3 cDNA into the pENTR TOPO-D vector (Thermofisher, UK) using the primers described in Supplementary   Table 4 . LR Clonase mix II (Thermofisher, UK) was used to transfer the AtUPL3 CDS into the 35S PB7HA binary vector. All constructs were sequenced before use. The p35S::3HA-AtUPL3 construct was transformed into Agrobacterium tumefaciens strain GV3101, and Arabidopsis
Col-0 plants were transformed using the floral dip method 49 .
Promoters of the BnaUPL3.C03 gene from the high-and low-expressing accessions Coriander and Dimension were amplified using primers described in Supplementary Table 4 . AtUPL3 CDS in the pENTR TOPO-D vector was transferred into the binary vector pEarley201 using LR Clonase, and BnaUPL3.C03 promoter PCR products, digested with Stu1 and Xho1, were ligated into the pEarly 201-AtUPL3 CDS plasmid. The BnaUPL3.C03 promoter::AtUPL3 CDS construct was transformed into Agrobacterium tumefaciens strain GV3101, and Arabidopsis upl3 mutant plants were transformed using the floral dip method 49 .
Arabidopsis and Brassica seed size quantification
Arabidopsis seeds were harvested from mature plants and the seeds imaged at 10x magnification. B. napus and B.rapa seeds were harvested from mature plants and scanned using a photocopier. Seed area was quantified using ImageJ particle analysis.
Ruthenium red staining
Seed mucilage phenotypes were assessed using methods described by 50 . Stained seeds were imaged at 10x magnification.
Seed lipid quantification and profiling
Fatty acid profile analyses in Arabidopsis were carried out using the methods described by 51 .
Lipid content of B. napus seeds were measured using Near Infrared Spectroscopy 52 .
PCR and sequencing
All PCR reactions were carried out using Phusion High Fidelity DNA polymerase (New England BioLabs) according to manufacturer's instructions. Capillary sequencing was carried out by GATC Biotech (Germany).
cDNA synthesis and q-RT-PCR
RNA was extracted using the SPECTRUM Total Plant RNA kit (Sigma, UK). 1ug of RNA was treated with RQ1 RNase-Free DNase (Promega, USA) and cDNA synthesis was carried out using the GoScript Reverse Transcription system (Promega, USA) using Oligo dT. All protocols were carried out using manufacturers' guidelines. cDNA samples were diluted 1:10 in water before use. Q-RT-PCR was carried out using SYBR green real time PCR mastermix (Thermofisher) and performed using Lightcycler 480 (Roche, Switzerland). Primer sequences used for q-RT-PCR are in Supplementary Table 4 . Primer efficiencies and relative expression calculations were performed according to methods described 53 . All q-RT-PCR assays were repeated at least twice.
Promoter transactivation assay
Promoters and full length cDNAs of selected Arabidopsis Col-0 genes were amplified by PCR using Phusion polymerase (Thermo Scientific) according to the manufacturer's guidelines.
Promoter primer sequences are in Supplementary Table 2 . PCR reactions were purified using Wizard SV Gel and PCR Clean up system (Promega, UK) and inserted into pENTR D-TOPO vector (Thermofisher, UK), and an LR reaction was used to clone promoters into a Firefly
Luciferase reporter vector fLUC (pUGW35). LEC2 and UPL3 CDS were transferred using LR Clonase into PB7HA and PW1266 respectively to create p35S::3HA-LEC2 and p35S::3FLAG-UPL3. A 35S::Renilla luciferase construct was used to quantify relative promoter activities.
Plasmid preparations for transient assays were prepared using the Qiagen Plasmid Maxi Kit according to manufacturer's instructions.
Promoter transactivation assays were carried out using protoplasts isolated from upl3 leaves 54 .
Assays were carried in triplicate using 5ug of plasmid and 100ul of purified protoplasts (approximately 50,000 cells). After an overnight incubation at room temperature, transfected protoplasts were harvested and promoter activity assessed using the Dual Luciferase Reporter assay system (Promega, USA). The ratio of Firefly Luciferase to Renilla Luciferase was determined using the dual assay Promega protocol on a Glomax 20/20 luminometer (Promega, USA). All transactivation assays were repeated at least twice.
Total protein extraction from B. napus pods and Arabidopsis siliques
Material was ground to a fine powder in liquid nitrogen and resuspended in extraction buffer (1ml/g fresh weight) (25mM Tris-HCl pH 8.0, 10mM NaCl, 10mM MgCl2, 4mM AEBSF and 50µM MG132). Following an incubation on ice for 30 minutes, samples were centrifuged at maximum speed for 5 minutes at 4℃. Supernatant was then added to a fresh tube and centrifugation repeated for 10 minutes. Total protein content was assessed using Bradford reagent (Bio-Lab) according to manufacturer's instructions.
Protein expression in E. coli BL21
Arabidopsis LEC2 CDS was amplified from cDNA using primers described in Supplementary and incubated for 2 hours at 37°C. IPTG was then added to 100μM and the culture incubated at 28°C for 3 hours to induce protein expression. Cultures were then centrifuged at 3,500rpm for 10 minutes at 4°C and the cell pellet suspended in 7.5ml of suspension buffer (50mM HEPES pH 7.5, 150mM NaCl, 1% TritonX-100; 10% glycerol; 1 Roche EDTA-FREE inhibitor cocktail tablet). Cells were sonicated 4 x 10 seconds with 20 sec intervals on ice, and sonicates were centrifuged at 12,000g for 20 minutes at 4°C. Protein purification was carried out using Dynabeads ® His-tag magnetic beads (Novex). Prior to use, beads were washed 3 times in wash buffer (50 mM HEPES (PH7.5); 150 mM NaCl; 10% glycerol). The sonicate was then added to washed beads and incubated at 4°C with rotation for 30 minutes. Beads were then washed 3 times with suspension buffer and 3 times with wash buffer. His-tagged protein was eluted from beads using 120μl elution buffer (300mM Imidazole, pH 7.5, 1x PBS pH 7.5, 0.3M NaCl, 0.1% Tween-20, 10% glycerol). Purified protein was quantified using Bradford reagent (Bio-Rad) and stored at -70°C in 15μl aliquots.
Cell-free degradation assay and western blot analyses
Total protein was extracted from 10-15 DPA siliques taken from WT and upl3 mutant plants using the following extraction buffer: 25mM Tris-HCL pH7.5, 10mM NaCl, 10mM MgCl2 and 4mM AEBSF. Following protein quantification using BioRad reagent (Bio-Lab), 20µg total protein was added to degradation buffer (25mM Tris-HCL, 10mM MgCl2, 5mM DTT, 10mM
NaCl, 10mM ATP and 5µg E.coli-expressed LEC2-HIS). 30µl samples were incubated at 22℃ for 0, 5, 10 and 15 minutes in the presence or absence of 200 μM MG132. Reactions were stopped with 4x SDS Laemmli sample buffer (Bio-Rad) and samples denatured at 96°C for 5 minutes. Samples were loaded on 4-20% gradient SDS gels and probed with anti-HIS antibody to visualise LEC2-HIS protein. LEC2 protein was also measured using purified rabbit polyclonal antibodies raised against the antigenic peptide ARKDFYRFSSFDNKKL from LEC2 coupled to keyhole limpet haemocyanin (New England Peptides, USA). This assay was repeated three times. Western blots used antibodies at the following dilutions: anti-FLAG 1/1000; anti-GFP 1/5000; anti-tubulin 1/5000; anti-HA 1/1000; anti LEC2 1/1000. Secondary antibodies used for LEC2 were anti-rabbit 1/5000; for tubulin anti-mouse 1/5000. Western blots were developed with FEMTO Max peroxidase substrate (Fisher Scientific).
Transient expression in Nicotiana benthamiana
The Arabidopsis UPL3 cDNA TOPO construct cloned into the 3xFLAG PW1266 vector. Full length Arabidopsis LEC2 cDNA was amplified using primers described in Supplementary Table   4 . Following cloning into pENTR TOPO-D, LEC2 CDS was transferred by LR reaction to pEARLEY 103. The resulting constructs, p35S::3XFLAG-UPL3 and p35S::LEC2-GFP were transformed into Agrobacterium tumefaciens GV3101 and 10 ml cultures grown at 28°C for 48
hours before transfection into leaves of 4 week old Nicotiana benthamiana plants using a 1 ml syringe without a needle. Agrobacterium cultures were transfected into the underside of the leaves and after 48 hours, transfected regions were excised and stored in liquid nitrogen before purification. Protein extracts were purified using M2 FLAG beads (Sigma). Purified protein was eluted from beads using 1X SDS buffer and heated at 96C for 5 minutes. Samples were loaded onto a 4-20% gradient SDS gel and western blotted with anti-GFP antibody or anti FLAG antibodies to assess 3FLAG-UPL3 -LEC2-HIS interactions. For assessing LEC-GFP ubiquitylation in transient assays, total protein was extracted after transfection for 48 hrs and
Western blotted using anti-GFP and then anti-ubiquitin. To detect in vivo ubiquitylation of LEC2, Higher MW forms of purified LEC2-GFP are ubiquitylated. 
